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ABSTRACT 
 
Levee failure due to scouring has been a prominent occurrence among intense storm 
surges and waves, giving rise to the implementation of various scour protection measures 
over the years. Several experiments were performed on a model levee on either bare 
levee soil or with a scour protection measure covering the soil. The purpose of this study 
is to breakdown the dynamics of levee scour due to overtopping waves and suggest 
efficient methods in reducing the amount of scour. The levee soil was made up of a sand-
clay mixture and placed in a laboratory wave tank that created a constant wave 
overtopping simulation that mimics the field. The scour length was found to reach 
equilibrium before scour depth. Parameterizations were developed for values of 
maximum scour depth and scour length while reaching equilibrium and at equilibrium. 
From these equations, the maximum scour depth and scour length in the field can be 
calculated with knowledge of the densimetric Froude Number value. The riprap cover 
layer proved to be more effective than the coreloc cover layer. The presence of an 
underlayer proved to take precedence, however, on the overall effectiveness of the both 
protection measure types. It is recommended that the placement and size distribution of 
the underlayer be adjusted in the field to take advantage of its efficiency and receive 
economical advantages.  
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CHAPTER ONE 
 
INTRODUCTION 
 
 
Levee structures that include a floodwall system are one of the primary sources of coastal 
flood protection used throughout the world.  Storm surge intensification due to sea level 
rise and climate change, along with the prevalence of hurricanes, have increased in recent 
years, demanding stronger and more resilient coastal protection structures (National 
Commission of Energy Policy, 2005; Marcos et al., 2011; Bengtsson et al., 1996; Elsner, 
1999). Goldenberg et al., (2001) states that this intensification trend will continue to 
increase for approximately the next 10-40 years, at the least. This increase has been 
recorded in areas other than the United States (Irish et al., 2010; Karim and Mimura, 
2008). One of the most well-known failures of coastal protection structures occurred in 
the 2005 Hurricane Katrina storm surge in New Orleans, Louisiana (Briaud et al., 2008). 
During a storm surge there is greater likelihood of extreme flooding in coastal areas. This 
phenomenon is exacerbated when the storm surge coincides with normal high tide, 
resulting in storm tides reaching up to 6 meters or more in some cases (NOAA, 2010). 
These pose a great threat to human life, property damage, ecosystems, and economic 
stability of a land mass near coastal areas.  
Floodwall overtopping is a root component that can lead to levee breaching and eventual 
failure. During the overtopping process the wave is in turbulent motion, which is 
fundamental cause of the high velocities and sporadic flow regime (Xiao, 2009). The 
geometry, amplitude and frequency, of overtopping waves in the field during an entire 
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storm is not yet practical to predict. This is partly due to wave reflection, wind and 
pressure differences, and rainfall fluctuations. Through numerical simulations, Briaud et 
al. (2008) found that the wave velocity and shear stress reaches its highest values on the 
landward-side of a levee during overtopping. For this reason, there is significant scour 
potential on the levee soil directly landward of the floodwall. 
Sediment scour around protective coastal structures is the primary component that 
attributes to the weakening of that structure, and sometimes failure over time.  Scour 
among various types of obstructions is a widely researched topic, with some of the first 
studies of scouring, at piers and spur-dikes, dating back to Ahmad (1953), Garde et al. 
(1961), and Gill (1972). During a storm surge event, high velocity flows can erode 
material from the sea-side or land-side of the levee, which may lead to instability and 
failure. Erosion can occur at once, or over time, depending on the storm characteristics. 
Scour geometry varies according to the intensity of the waves both in the absence of and 
in the presence of a storm surge.  Other parameters include the structure’s height, 
emerged length of the structure, the flow depth, and the sediment characteristics 
(Elawady et al., 2001; Young and Testik, 2009). 
Levee failure may be precipitated by structural failure, underseepage, piping, surface 
erosion, and/or overtopping scour (Seed et al., 2006; IPET, 2006). This research focuses 
solely on scour due to floodwall overtopping waves on the landside of the levee-
floodwall structure. Levee scour by overtopping has recently been the subject of research 
projects; including laboratory tests using wave tanks, real-situation field tests, and 
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numerical simulations. In an analysis of the New Orleans levee failures (Sills et al., 
2008), it was noted that the extent of breaching and overtopping scour was a function of 
soil type and compaction effort applied to the levee fill material, as well as the intensity 
of the storm surge, wave action, and overtopping. When the overtopping waves impact 
the ground surface on the protected side, an eddy forms. Scouring occurs from each wave 
impact until an equilibrium depth is reached (Setia, 2008; Laursen and Toch, 1956; 
Hanson and Cook, 2004). The formation of an eddy, from overtopping, contributes to the 
high velocity and shear stress (Xiao et al., 2009) that eventually lifts the sediment 
particles causing scour. When the shear stresses are higher than the critical shear stress 
for the soils, scour holes begin to form at the toe of the landward side of the levee.  
Though scour protection measures are particularly important for robust levee designs and 
retrofitting, many of those thus far developed have been either more costly or more labor 
intensive than the ideal design. For example, when concrete is used to cover levee soil it 
protects the soil better than the soil itself. It is also however, more costly and less 
aesthetically pleasing. Though T-Walls are an alternative type for a floodwall structure, 
they are also more costly.  Some protection measures (not specific for levees) consisting 
of armoring units, vegetation, scour mats, and geotextile bags, however, have proven to 
be remarkably efficient. Armoring units currently in use include riprap, corelocs, 
tetrapods, cable-tied blocks, grout and/or sand filled bags, concrete mattresses, and 
concrete aprons. Vegetation methods entail the use of certain natural grass types, 
reinforced grass systems, and geosynthetic grass layers. 
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Objectives 
The objectives of this study of scour due to overtopping were to (1) characterize the scour 
evolution dynamics and equilibrium scour characteristics for predictive capabilities and 
(2) accurately assess the relative effectiveness of two distinct protective armoring-unit 
types and altering them with a gravel-sized underlayer to form a total of four different 
protection measures. The four protection measures were riprap with and without an 
underlayer, and corelocs with and without an underlayer.  
Thesis Outline 
This thesis begins with a literature review, in Chapter 2, that breakdowns the different 
aspects of a storm surge, overtopping waves and levee scour. It is followed by Chapter 3, 
the experimental setup and procedure, and then the results and discussion of the 
experiments in Chapters 4 and 5. This is then followed by a conclusion in Chapter 6.  
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
 
2.1 Introduction 
This chapter provides an overview of levee and floodwall protective structures and their 
reasons of failure. The chapter is split into components that are tied to these coastal 
structures. Levees are coastal, or river, embankments that regulate water levels and 
prevent flooding, by overflow, during a storm surge. They are usually found in low-lying 
areas and in many coastal cities. The size of a levee varies according to the level of 
storms the area receives. This chapter will address the different types of failures that are 
attributed to levees; explaining how, when, and why failure occurs. When working 
properly, levees allow coastal communities to work more efficiently without fear of 
flooding.  
2.2 Storm Surge 
Overview 
In coastal matters, a storm surge poses as the greatest threat to human life, property 
damage, ecosystems, and economic stability from a hurricane. Since much of the United 
States' densely populated Atlantic and Gulf Coast coastlines are less than 3meters above 
sea level, the danger from a possible storm surge is overwhelming. Since 2004, the 
United States has experienced some of its highest hurricane surges on record by 
Hurricanes Ike, Ivan, and Katrina, and Rita (Irish et al., 2010). With an extremely high 
storm surge and energetic waves, Hurricane Katrina reached a maximum surge height of 
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8.5meters in some areas (National Hurricane Center, 2005). In turn, there were an 
estimated 1,836 fatalities and $156 billion in damages (Burton and Hicks, 2005). This 
literature review focuses on the impacts of storm surges on levee overtopping, sediment 
scour, and eventual foundation and structural failure, followed by countermeasures. A 
storm surge is the beginning factor that must be looked into in order to better understand 
and to reduce the effects of overtopping and, eventually, levee scour.  
 
Definition 
A storm surge is an abnormal rise of water generated by a storm, over and above the 
predicted astronomical tides. This rise in water level can cause extreme flooding in 
coastal areas, particularly when the storm surge coincides with normal high tide, resulting 
in storm tides reaching up to 6meters or more in some cases (NOAA, 2010). This 
phenomenon happens primarily when a hurricane approaches land. Some hurricanes have 
winds that reach up to 160 kilometers per hour. They have the intensity needed to push 
large amounts of water towards the coastline, causing it to pile up to a new, elevated 
water level (Figure 2.1).  
 
Figure 2.1: Impact of a storm surge (courtesy of NOAA) 
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Components 
A storm surge can be split and examined into five different components or effects 
(Harris, 1963): 
• The pressure effect 
• The direct wind effect 
• The effect of the Earth's rotation 
• The effect of waves 
• The rainfall effect 
During a storm event, as in a hurricane for instance, the low pressure areas cause a rise in 
sea level beneath the storm. In the areas of high pressure the sea level decreases (Figure 
2.2). This rise and fall causes the total pressure to remain constant as long as there is no 
restriction to the flow of water into the low-pressure region. 
 
The wind component causes an effect known as the Ekman Spiral (Ekman, 1905) to 
occur due to surface currents being perpendicular to the wind direction. The Ekman 
Spiral is inversely proportional to the total depth. Lastly, the wind stresses from the winds 
cause the water levels to increase at the “head” of the storm and decrease at the upwind 
shore, a process referred to as the wind set-up. This entire effect can also be seen in 
Figure 2.2.  
 
The effect of the earth’s rotation has the ability to intensify or lessen a surge. The 
Coriolis effect occurs due to the earth’s rotation, bending currents to the right in the 
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Northern Hemisphere and to the left in the Southern Hemisphere. The surge increases as 
the current’s contact with the shore becomes more perpendicular; the surge lessens in the  
opposite case.  
 
 
 
Figure 2.2: Wind and Pressure Components of Hurricane Storm Surge (courtesy of 
NOAA) 
 
The wind generates waves that have the ability to carry large amounts of water onshore 
during wave breaking. This ability increases with the more parallel the waves are to the 
shore. In turn, the water reaches high momentum levels and may run up a sloping beach 
to an elevation above the mean water line, which may exceed twice the wave height 
before breaking. 
 
Hurricanes may dump as much as 30cm of rainfall in 24 hours over large areas, and even 
more over areas of a few square miles. The rainfall effect is experienced mostly in 
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estuaries. As a result, watersheds can quickly surge water into the rivers that drain them 
and increase the water level near the head of the tidal estuaries. 
 
Factors 
The maximum potential storm surge for a particular location depends on a number of 
factors. During the duration of a storm surge there is sensitivity to any change in storm 
intensity, forward speed, wind size, angle of approach to the coast, central pressure 
(minimal contribution in comparison to the wind), and the shape and characteristics of 
coastal features such as bays and estuaries. Other factors that can impact storm surge are 
the width and slope of the continental shelf. The shallower the slope the greater the storm 
surge and vice versa for a steep slope. 
 
Climate Change 
Recent catastrophic hurricanes have raised the question of the effects that climate change 
has on storm surges. There is understanding that climate change contributes to the 
possible sea level rise and intensification of hurricanes that can lead to increased 
hurricane flooding and damages. There has been much debate on this topic, both 
scientifically and politically. Scientists and researchers believe that the recent hurricane 
activity increase is simply due to variations to natural climate fluctuations (Goldenberg et 
al., 2001; Emanuel et al., 2008; Chan and Shi, 1996).  
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Figure 2.3 shows the annual change in the heat content, displaying the climate level 
change in the past 50 years. In 2001, Church et al. found that global sea levels rose by 
between 1 and 2 mm yr-1. In the same year (2001), Cabanes et al. found that sea level 
rose by 2.5 mm yr-1 between 1993 and 2000 alone. Most of this sea level rise is 
contributed by the melting of glaciers. Climate projections indicate that sea surface 
temperature will rise between 1.1˚C and 6.4˚C over the next century (Intergovernmental 
Panel on Climate Change, 2007). Hurricanes are believed to intensify with the increase in 
sea surface temperature.  
 
 
Figure 2.3: Time series of global annual ocean heat content (1022 J). The black curve 
represents the 90% confidence interval. The red and green curves are the error bars 
denoting the 90% confidence interval. The black and red curves denote the deviation 
from the 1961 to 1990 average and the shorter green curve denotes the deviation from the 
average of the black curve for the period 1993 to 2003. (courtesy Bindoff et al. 2007). 
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Barrier islands primary function is absorbing storm surges (Stewart, 2009). The shallow 
water slows the surge of water, reducing its amplitude at the mainland shore. However, 
there is potential barrier island degradation with sea level rise (Irish et al., 2010). The 
barrier islands erode and/or drown in place as sea level rise occur. This loss of natural 
protection decreases the resistance against a storm surge. By the 2030s, hurricane flood 
levels could increase by 3 to 27 percent, depending on the greenhouse gas emissions 
scenario (National Commission of Energy Policy, 2005). The damage done to homes and 
buildings affected by flooding is expected to increase by 60% to 100% by the 2030s as 
well. The combined factors of a hurricane storm surge inundation and the increasing rate 
of sea level rise express the need for long-term land use protective plans to be assessed as 
coastal communities continue to develop.  
 
Computer models to estimate storm surge 
• SLOSH 
The National Hurricane Center uses SLOSH (the Sea, Lake, and Overland Surge from 
Hurricanes model) for regional storm surge inundation estimation prior to a storm. 
SLOSH inputs include the central pressure of a hurricane, storm size, the hurricane’s 
forward motion, its track, and maximum sustained winds (Jelesnianski et al., 1992). This 
model can be used in pre-impact planning and for use in evacuation purposes under a 
serious storm event. With the predictive SLOSH model using the inputs that it does, it 
can sometimes contain some error due to uncertainties in those inputs and should be used 
with caution (Melton et al., 2010).  
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• ADCIRC 
ADvanced CIRCulation, ADCIRC, is a 2D modeling program that is used in coastal 
studies. This program is able to encompass the deep ocean, continental shelves, coastal 
seas, and small-scale estuarine systems for simulations that require months to years time. 
Certain simulations include modeling tides and wind driven circulation and analysis of 
hurricane storm surge and flooding. Fitzpatrick et al. (2007) and Mashriqui et al. (2006) 
are among the many researchers that have provided various simulations of Hurricane 
Katrina in order to reenact the storm surge and analyze the inundation levels. 
 
2.3 Levees 
Overview 
In the presence of a storm surge there needs to be a protective structure in place to resist 
the chances of disaster flooding. Throughout history, human life and communities living 
near water has been a natural and repeated occurrence (Grey and Sadoff, 2006). With 
coastal population constantly on the rise and the risk of intensification storm surge on the 
rise as well (as implied in section 2.2), it is imperative that sustainable and resilient 
coastal protection systems be put in place. Some levee systems date back as far as 150 
years; other levee systems, on the other hand, have been completed recently or are 
underway. Some levee systems were built for agricultural purposes, and they provide 
flood protection and flood-loss reduction primarily for farm fields and other land used for 
agricultural purposes. Other systems—urban levee systems—were built to provide flood 
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protection and flood-loss reduction for population centers and the industrial, commercial, 
and residential facilities within them (FEMA, 2010). 
 
When constructed properly, levee systems are effective in controlling floods and can 
significantly reduce flood loses. Even in the instance of flooding, when a levee system is 
in place, some loses are reduced. For example, the lower Mississippi River valley 
experienced a flood in 1973 that resulted in over $1 billion in damages and inundated 
52,000km2 of land (Tobin, 1995). Even with this level of disaster the USACE estimated 
that the flood alleviation measures prevented another $15 billion in damages and 
40,000km2 of damage from occurring (National Science Foundation, 1980).   
 
Definition 
Levees are barriers, man-made and sometimes natural made, along a water course 
constructed for the primary purpose of providing hurricane, storm and flood protection. 
Levees systems are sometimes incorporated along with other systems, such as floodwalls, 
flood gates, pumping stations, interior damage systems, closures, penetrations, and 
transitions (Griffis, 2007 and ASCE, 2009). An example of a usual levee system is seen 
in Figure 2.4. Floodwalls are not to be confused with levees, in that floodwalls are 
concrete structures put in place where there is insufficient room for levees placement 
(Figure 2.5).   
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Figure 2.4: Sample Levee System (courtesy FEMA) 
 
 
 
Figure 2.5: Sample Floodwall System (courtesy FEMA) 
 
 
In spite of billions of dollars invested in flood alleviation projects, particularly levees, the 
maintenance and safety efficiency has not been what it is perceived to be. This skewed 
perception has population growth and infrastructure behind levees at high flood risks. 
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FEMA estimates that forty-three percent of the U.S. population lives in counties with 
levees (FEMA, 2006). In the case of a storm surge disaster, a great number of lives are at 
risk.  
 
In the aftermath of hurricanes Katrina and Rita in 2005, Congress passed the Water 
Resources Development Act (WRDA) of 2007. The Act required the establishment and 
maintenance of an inventory of all federal levees, as well as those non-federal levees for 
which information is voluntarily provided by state and local government agencies (110th 
Congress, 2007).   
Artificial Levees with Floodwalls 
Man-made, artificial levees are the most common used types of levees in the present day. 
They require substantial plans and engineering due to the flood discharge intensity and 
scouring potential. There are two main types of artificial levees that are categorized by 
their floodwall structure used: namely, T-Wall and I-Wall.  
 
I-walls are basically walls built into the ground around which the levee is built up. After 
Hurricane Betsy in 1965 the Army Corps of Engineers rebuilt the levee system by 
constructing I-walls, which are the cheapest and least stable form of protection (USACE, 
2010). I-Walls rely on the passive pressure of the soil, which is the horizontal pressure of 
the soil, for their overall strength against storm surges (Figure 2.6). Therefore, their 
strength relies primarily on the soil type that is in place instead of the structure itself. In 
addition, the height to which an I-wall can be built is limited, and overtopping scours out 
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the soil supporting the land-sloped side. Seepage, as well, is a reoccurring problem with 
I-Wall levees. 
 
Figure 2.6: Sample I-Wall levee system with a horizontal storm surge force exerted on it  
 
T-Walls are similar to I-Walls. The difference between the two is that they have a 
weighted, wider base; making them somewhat more stable than I-Walls. They have a 
better resistance against the turning moment failure that occurs in I-Walls due to the thick 
base and deep, connecting piles underneath. A sheet pile cutoff can be included to control 
seepage or provide scour protection for the foundation. One major problem with T-Walls 
structures, however, is that they are not very cost effective. Because of the costliness of 
T-Wall levee systems, I-Walls with protective measures are preferred to reduce costs.  
 
Levees Based on Location 
Levees are broadly classified according to the area they protect as either urban or 
agricultural levees because of different requirements for each: Urban and Agricultural 
(USACE, 2000). Urban levees provide protection from flooding in communities, 
Sand 
Sheetpile wall 
Levee 
I-Wall 
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including their industrial, commercial, and residential facilities. Agricultural levees that 
provide protection from flooding in lands used for agricultural purposes. 
 
Levees Based on its Use 
Levees can also be classified according to their specific purpose in connection with their 
overall purpose of flood protection, given in Table 2.1.  
 
Table 2.1: Classification of Levees According to Use (courtesy USACE, 2000) 
Type Definition 
Mainline and tributary levees Levees that lie along a mainstream and its 
tributaries, respectively. 
Ring levees Setback levees 
 
Levees that completely encircle or “ring” 
an area subject to inundation from all 
directions. 
Sublevees Levees built for the purpose of 
underseepage control. Sublevees encircle 
areas behind the main levee that are 
subject, during high-water stages, to high 
uplift pressures and possibly the 
development of sand boils. During high-
water stages, thereby counterbalancing 
excess head beneath the top stratum within 
the basin.  
Spur levees Levees that project from the main levee 
and serve to protect the main levee from 
the erosive action of stream currents. Spur 
levees are not true levees but training dikes. 
Setback levees Levees that are built landward of existing 
levees, usually because the existing levees 
have suffered distress or are in some way 
being endangered, as by river migration. 
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Geometry and Size 
There is not a set size for levee foundations. There are, however, typical standards that 
are followed when it comes to the slopes and width (top and bottom) that are given by the 
Army Corp of Engineers. The slope can vary depending on the soil used for the 
foundation. A more cohesive soil, such as clay, allows for a steeper slope because of its 
impermeable characteristics. Therefore, clayey soils can be built with a 1V to 2H-2½H 
slope. On the other hand, levee foundations with sandy soils are more prone to seepage 
due to higher permeability and require a flatter slope. These slopes are generally 1V to 
3H on the sea-side and 1V to 5H on the land-side.  Top widths of levees are usually 
within 2.4meters to 3.0meters. The bottom widths of levees are usually calculated based 
on a width to height relationship.  
 
2.4 Case Histories 
Overview 
Coastal protection failure has been a prominent occurrence among intense storm surges 
and can date back for many years. Under the failure of coastal protection systems, there 
lies great potential for life loss and catastrophic community and property damage. The 
scale at which the effect that failure has on the surrounding community depends on the 
intensity of the storm surge, the strength of the levee or other coastal structure, and the 
type of levee failure occurred. The consequences of intense storm surges have been better 
recorded in recent years due to improved technological methods, recording devices, and 
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computerized simulations. In this section of the literature review, case histories will be 
given of various floodwall and levee failures in the United States.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
 
Yellow River of China 
About 2,000 villages lie within levees of the Yellow River today (Yuchen, 2010). It is the 
second longest river in China and the sixth longest in the world at 5,464 kilometers 
(3,398 miles). Since historians began keeping records in 602 B.C., the river has changed 
its course 26 times and produced 1,500 floods that have killed millions of people. 
Periodically, people in the area experience catastrophic floods levels due to the banks 
being overflown. Large loads of silty sediment are constantly being transported 
throughout the river. Most of the sediment remains in the sea while the rest sticks to the 
river beds; which, in turn, causes the level of the river to rise.  In 1887, the river topped 
20-meter high levees and eventually traveled to the East China Sea and the Yangtze River 
(Hyndman and Hyndman, 2009). The flood and resultant famine caused over 1 million 
deaths. The government’s focus since 1947 has been to control possible flooding by using 
dams and artificial levees.   
 
The Chinese have built 800 kilometers of levees. They have tried building higher levees 
but still have ended up with them failing due to repeated periodic flooding. They have 
seen flooding again in 1977, 1982, and 1996. River sedimentation is seen as the primary 
problem; along with global environmental change also contributing to the problem. 
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Hurricane Ike 
Hurricane Ike was a category 4 hurricane that, between September 1 and September 13 of 
2008, largely affected Cuba, the United States, Haiti, the Bahamas, and Turks and 
Caicos. Storm surge driven by Hurricane Ike breached levees in coastal Louisiana. It 
came ashore near Galveston on Sept. 13, hitting the seawall with waves and debris for at 
least 12 hours, damaging pavement, causing sinkholes along the sidewalk on top of the 
wall and swallowing up the protective beach in front of it (Jones, 2009). 
 
Hurricane Rita 
Hurricane Rita, a category 5 hurricane, hit the U.S. Gulf Coast on September 23-28, 
2005. It was recorded as the 4th most intense Atlantic hurricane (Hurricane Research 
Division, 2010). The storm surge caused extensive damage along the Louisiana and 
extreme southeastern Texas coasts and destroyed some coastal communities. The 
Louisiana- affected area had already been damaged from Hurricane Katrina about a 
month earlier. Therefore, their levee system was already vulnerable pre-storm. On the 
23rd, the day before the hurricane reached Louisiana, rising water due to Hurricane Rita 
poured through breaches in the patched Industrial Canal levee in New Orleans' devastated 
Ninth Ward. By Saturday night, September 24, water from a 150-foot gap in the 
Industrial Canal levee flooded some areas of the Ninth Ward to eight feet deep (CNN, 
2005). 
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Hurricane Camille 
Hurricane Camille was the second of three catastrophic Category 5 hurricanes to make 
landfall in the United States during the 20th century. It hit near the Mississippi River on 
August 17, 1969. The combination of winds, surges, and rainfalls caused 256 deaths and 
$1.421 billion in damage (Rappaport, 1997 and Landsea et al., 2007). Making landfall as 
a Category 5 hurricane, Camille caused damage and destruction across much of the Gulf 
Coast of the United States. It reached water levels of up to 21 feet with floodwaters 
penetrating up to 2 blocks inland (Canis, 1995). United States Highway 90 flooded as the 
storm surge overtopped seawalls in Paradise Point, Mississippi 
 
Midwest Floods 
Between June 7, 2008 and July 1, 2008, very high precipitation amounts, combined with 
already saturated soils, resulted in flooding along many rivers in the Midwest of the 
United States. Damages have been estimated at over $5 billion (National Weather 
Service, 2009).  The states most severely affected were Illinois, Indiana, Iowa, Missouri, 
South Dakota, and Wisconsin.  Also, heavily impacted were Kansas, Michigan, 
Minnesota, Nebraska, and Oklahoma. Most states suffered a majority of their flooding 
due to levee failure due to overtopping, breaching, heavy rainfall, or a combination of 
these factors.  
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Illinois Flood Levee	  breaks	  on	  June	  10	  flooded	  portions	  of	  Lawrence	  County	  near	  Lawrenceville,	  inundating	  a	  campsite	  and	  forcing	  the	  evacuations	  of	  several	  hundred	  homes.	  On	  the	  early	  morning	   of	   June	   14,	   the	   town	   of	   Oquawka,	   Illinois	  was	   evacuated,	   due	   to	   a	  levee	  breach	  along	  the	  elevated	  Iowa	  River.	  	  On	  the	  same	  day	  two	  other	  levees	  broke	  near	   the	   Mississippi	   River	   town	   of	   Keithsburg,	   Illinois,	   flooding	   the	   town	   of	   700	  residents	  for	  about	  35	  miles.	  On	  June	  15,	  a	  levee	  along	  the	  Mississippi	  River	  in	  the	  town	  of	  Gulfport	  failed,	  flooding	  most	  of	  the	  town.	  Two	  more	  levees	  were	  breached	  by	  flood	  waters	  in	  western	  Illinois	  on	  June	  18.	  The	  breaches	  flooded	  farmland	  and	  forced	  an	  evacuation	  of	  the	  town.	   
Iowa Flood 
Beginning on June 9th, the storm events in Iowa, the levees protecting the city were seen 
as unstable and the city was evacuated. Flooding along the Winnebago River in the 
vicinity of Mason City resulted in a levee failure inundating a number of homes. The 
levee along the Iowa River at County Road 99 near Wapello overtopped and flooded 
some 17,000 acres.  The Iowa River levee near Oakville overtopped and flooded 19,000 
acres (National Weather Service, 2009).  
Missouri Flood 
35,000 acres of Missouri was inundated during their storm events (National Weather 
Service, 2009). Levees were overtopped and/or breached at Platte County, Clark County, 
Lincoln County, St. Charles County and Lewis County. With good anticipation before the 
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disaster, communities were evacuated in time. One of the levee breaks can be seen in 
Figure 2.7, of the Iowa River.  
 
Figure 2.7: Levee breach of the Iowa River on June 15, 2008 (courtesy Civil Air Patrol) 
 
Hurricane Katrina 
Perhaps the most well-known storm surge of our day, Hurricane Katrina made landfall on 
August 29, 2005 just east of New Orleans. Reported numbers of the aftermath include 
1,300 deaths, 500,000 people having to evacuate, and around 100 billion dollars of 
economic loss (Briaud et al., 2008).  
 
 History of New Orleans’ Flood Protection System 
A majority of New Orleans, Louisiana is at, or below, sea level. The Mississippi River 
and the Gulf of Mexico has periodically inundated into the city and can date back to the 
1700s. Therefore, flood protection has always been a major priority for the city. In 1965, 
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after Hurricane Betsy, Congress authorized a flood protection plan submitted by the 
United States Army Corps of Engineers. Prior to Hurricane Katrina, there was no major, 
disastrous storm event since Hurricane Betsy in 1965. In turn, the self-assurance of the 
city grew and they began to lack initiative in their degree of protection (Griffis, 2007). 
 
Both levee and floodwalls were overtopped during the Katrina storm surge. The storm 
surge exceeded the design height of the levee system. The lack of barrier islands and 
wetlands lessoned the ability of a natural resistance to take effect against the forces of the 
surge. Three breaches of the floodwall system at the Inter Harbor Navigation Channel 
were due to overtopping, according to the Independent Performance Evaluation Team 
(IPET, 2006), which caused scour to occur on the protected side. For the breached levees, 
it was found that 13% came from a result of overtopping during the storm event and the 
pumps not functioning well.  
 
The levees used in the New Orleans Hurricane Protection System were, in many places, 
constructed by filling them with hydraulic dredged materials that consisted of sand and 
shell material. This material proved to be easily eroded from the levee foundation during 
the storm surge. Some levee failure came from two different types of scour: scour on the 
channel-side and scour on the protected-side of the levee. Scour on the protected side 
formed gaps in the levee foundation that weakened the floodwalls, which were primarily 
I-wall structures. Formation of the gap increased the load on the wall, and also increased 
seepage rates. One task force of the IPET thoroughly examined six separate I-wall 
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breaches and found that they failed before overtopping occurred. Therefore, it can be 
concluded that the failure came from scouring on the canal-side of the levee. The second 
type of scouring that occurred was scour due to overtopping, which occurred on the 
protected-side of the levee. An example of this is shown in Figure 2.8. Sixty-six percent 
of the levee and floodwall breaches were estimated to be a resultant of the scouring. The 
extent of erosion and scour, in comparing the floodwalls and levees, was similar in that 
the degree of erosion was controlled by the soil type and compaction of the soil material 
used against with the overtopping intensity.  
 
Figure 2.8: Floodwall of the Industrial Canal levee in New Orleans showing trenches 
eroded by overtopping. (Courtesy U.S. Army Corps of Engineers IPET) 
 
2.5 Overtopping 
Overview 
As mentioned in the two preceding chapters, overtopping is the root component that leads 
to levee breaching and eventual failure. For years, wave overtopping in sea defenses has 
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been a major research topic in the field of coastal engineering, with studies dating back to 
a study on the effect of wind-generated surface waves on the accuracy of flow 
measurements (Gibson, 1930). In recent years, sea levels have risen and wind speeds 
have increased causing there to be a need for either sea defenses to be strengthened or 
their crest heights raised to account for the increased possibility of overtopping. In 2007, 
Pullen et al. published an overtopping manual, introducing it to the public for those 
interested in reducing flood risks. This manual comprises of an analysis of predicting 
wave overtopping of sea defenses during a storm surge. The methods given in the manual 
present ways to accommodate for and calculate mean overtopping discharges, maximum 
overtopping volumes, and the portion of waves overtopping defense structures.   
 
Overtopping concerns were greatly increased after the events of Hurricane Katrina 
occurred. After the failure of Louisiana’s Hurricane Protection System, The U.S. Army 
Corps of Engineers formed a subgroup, the Interagency Performance Evaluation 
Taskforce, or IPET, which identified the causes of the system’s poor performance during 
the storm. It was concluded that no levee failure occurred without overtopping (IPET, 
2006). If the overtopping reduction ability of the HPS was equipped better than it was 
prior to the hurricane, a majority of the recovery efforts would have been reduced and the 
damage would have been limited.  
  
Definition and Measurement           
Wave overtopping can be defined as a result of the combination of sea level rise due to a 
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storm surge with addition of the intense waves that are created. The act of overtopping 
occurs when any amount of water passes over the crest of the protective structure that is 
in place. During the overtopping process the wave is in turbulent motion, which is 
fundamental cause of the high velocities and sporadic flow regime (Xiao, 2009). The 
water released after an overtopping event contributes to the possibility of coastal 
flooding. The overtopping itself can be in the form of breaking (plunging) or non-
breaking waves (surging).  
 
Wave overtopping tests can sometimes be performed in a laboratory with a large wave 
tank or wave flume.  Well-designed laboratory tests can yield very accurate data and 
equations that are applicable in the design of coastal structures. However, due to the 
waves of flume experiments lacking variety and being scaled down, their application is 
sometimes limited to a small number of protective structures with certain parameters only 
similar to those in their experiments. Other possible tests consist of numerical simulations 
and also of real situation field tests. The latter is preferred when wanting to measure 
effects of overtopping. Wave overtopping erosion tests were performed in the 
Netherlands using a Wave Overtopping Simulator starting 2006 and will conclude until 
2011 (Akkerman et al., 2007). With this simulator, the overtopping discharge can be 
controlled and varied with different rates, along with the volumes, distributions, 
velocities, and flow depths (Van der Meer, 2006). This overtopping simulation 
breakthrough has been very beneficial in better understanding of the aspects of erosion at 
various overtopping rates.  
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Geometry and Components  
As previously stated, the process of overtopping has a turbulent motion. The geometry of 
overtopping waves, as in their amplitude and frequency, during an entire storm is not yet 
practical to predict due to its sequencing irregularity. This irregularity is partly due to 
wave reflection. However, it was found, through numerical simulations, that the wave 
velocity and shear stress is at its highest values on the landward-side of a levee during 
overtopping (Briaud et al., 2008). As an overtopping wave passes over the crest onto the 
landward-side slope, it has a shape similar to that of a triangle. The discharge distribution 
throughout the wave is at a maximum value at the leading edge of the triangle and is 
several times greater than the time-averaged discharge. The resulting outcome is 
sediment erosion behind the protective structure.  
 
There are three types of levee overtopping that can occur during a storm surge: (1) 
irregular and unsteady-occurring overtopping of waves caused by the wind, while the 
SWL in beneath the levee crest; (2) storm surge overflow when the water level is above 
the levee crest; and (3) a combination of storm surge and wave overtopping when the 
SWL is above the levee crest. Overflow and overtopping are two different entities in that 
the overflow has a more steady motion and overtopping, as previously stated, has very 
unsteady tendencies. The combination of these two components creates the greatest 
damage to protective structures of the three types of overtopping. 
 
 
 29 
Overtopping Process 
During a storm surge, the overtopping process can be split into phases based on the 
overall time of its occurance.  Figure 2.9 shows eight different phases, A-H, of the 
overtopping of a levee during a general storm surge. Phase A occurs towards the 
beginning of a storm when the SWL rises to the levee height elevation. As the storm 
continues, a single wave is formed and increases in height without breaking, as seen in 
Phase A and C. Eventually, the single wave will reach a level where it breaks and 
overtops the levee, as shown in Phase D.  
 
 
Figure 2.9: The history of an overtopping process using ADCIRC Program (courtesy 
Xiao et al., 2009) 
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Phases E-H display the phenomenon that engineers desire to avoid. At this point the wave 
is at its highest velocity during the overtopping process up until it hits the ground with 
great intensity. When the wave impacts with the ground it diverts into different directions 
causing a swirling motion, known as an eddy in fluid dynamics. This high energy motion 
causes sediment scour in the area, leading to a gap behind the levee. This gap leads to 
breaching, causing even more overtopping.  
 
2.6 Scour 
Overview 
Sediment scour around protective coastal structures is the main component that attributes 
to the weakening of that structure, and sometimes failure, over time.  Scour among 
various types of obstructions has been an avid research topic and can date back many 
years. Studies of scouring at piers and spur-dikes date back to contributions made by 
Ahmad (1953), Garde (1961), and Gill (1972). Studies of scouring at bridge abutments 
date back to research done by Laursen and Sutherland (1960) and Melville (1988). 
Slightly more recent studies were performed for breakwater scouring by Irie and Nadaoka 
(1984) and Hsu et al. (1987). In the past, studies of levee scour have not been as 
prominent in engineering concerns. However, in recent years, partly due to the 
catastrophic aftermath of Hurricane Katrina in New Orleans in 2005, studies of levee 
scour have increased in number, as seen with studies by Smith and Pérez-Arlucea (2008) 
and Briaud et al. (2008).  
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Experience has shown that scouring can progressively weaken the foundation of 
protective coastal structures. Numerous studies have been performed in effort to better 
understand the principles and analysis of scouring and its various parameters. With more 
of this knowledge gained, more sustainable protection measures can be utilized and better 
resilient structures can be built.  
 
Definition 
During a storm surge event, high velocity flows can erode material from the sea-side or 
land-side of the levee, which may lead to instability and failure. Erosion can occur at 
once, or over time, as a function of the storm cycle and the scale of the peak storms. 
Briaud et al. (2008) go even deeper in the definition of scour, putting it in terms of the 
erodibility of a soil. Briaud defines it as the relationship between the erosion rate and the 
hydraulic shear stress applied by the wave at the water-soil boundary area. He found a 
trend of increasing erosion rate in accordance to increased shear stress. In the same study, 
Briaud performed 24 tests for a large scale correlation, splitting the erodibility up into 
different productivity levels (Figure). It can be seen, in Figure 2.10, that the levees that 
failed during Hurricane Katrina (with sand and some clay used as the foundation) are in 
the very high erodibility range, only requiring little shear stress to begin erosion.  The 
meanings of the abbreviations/symbols used in Figure 2.10 are as follows:  
 
SW = Sea water (salinity of approximately 35,000 ppm); TW = Tap water (salinity of 
approximately 500 ppm); LC = Low compaction (1.6% of modified Proctor compaction); 
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HC = High compaction (100% of modified Proctor compaction); LT = Light tampering. 
 
 
Figure 2.10: EFA test results for 24 sampled levee soils based on shear stress. (courtesy 
Briaud et al. 2008) 
 
Scour occurs when an obstacle interrupts the flow in a channel, causing a reduction in the 
flow area and a diversion in the flow direction Shatanawi (2003). The increase in velocity 
and formation of vortices ensue immediately afterwards. This leads to the development of 
a scour hole in front, behind, or around that obstacle.  
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Geometry 
The geometry of a scour hole due to floodwall overtopping consists of a U-shape scour 
evolution. This shape occurs due to the impact and shear forces of the overtopping nappe. 
This concept and the formation of this shape are further explained in Chapter 4. Figure 
2.11 shows the typical geometry of an overtopped floodwall.  
 
Figure 2.11: Scour holes caused from overtopping waves over a floodwall at Lakefront 
Airport in New Orleans (photograph by Peter Nicholson from Seed, et al. 2005). 
 
Relation to Overtopping 
Levee erosion by overtopping has recently been the subject of research projects including 
lab tests using wave tanks, real-situation field tests, and numerical simulations. In an 
analysis of the New Orleans levee failures (Sills et al., 2008), it was noted that the extent 
of breaching and overtopping scour was a function of soil type and compaction effort 
applied to the levee fill material, as well as the intensity level of the storm surge, wave 
action, and eventual overtopping. This diagnosis was for both levees and floodwalls that 
failed during the storm surge.  
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Failure is known to first begin to occur on the land-side of an overtopped levee and 
gradually regresses toward the canal-side. Numerical simulations prove this fact in 
showing that the highest velocities and highest shear stresses are on the land-side of the 
levee during overtopping (Briaud et al., 2008). This high velocity forms an eddy, further 
explained in Chapter 3 (see Figure 3.1). The formation of this eddy contributes to the 
high velocity and shear stress that eventually lifts the sediment particles causing scour. 
Figure 2.12, given from Chen and Yu (2006) shows the shear stress distribution along a 
levee surface over time using CHEN3D (Chen, 2002), a 3-dimensional numerical 
computer program used to predict the level of erosion behavior of levees. The shear 
stresses upstream are shown to be extremely lower than those downstream of the levee 
due to the high water velocity and shallow water depth affected by the gravitational 
forces. When the shear stresses are higher than the critical shear stress for the soils, scour 
holes begin to occur at the toe of the downstream levee. 
 
Figure 2.12: Using CHEN3D, the shear stress distribution along a levee over time 
(courtesy Chen and Yu, 2006) 
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Canal-Side Levee Scour 
Erosion can also occur on the Canal/Sea-Side of a floodwall. This occurs primarily due to 
instability in the foundation soils. During Hurricane Katrina, The stability and 
performance of the I-wall system was greatly impacted by a gap developing on the canal 
side of the floodwall as the canal water level rose (Sills et al., 2008). When this type of 
erosion takes place, it increases the ability of water seepage to occur. In turn, the stability 
of the levee weakens and causes more overtopping to occur, similar to that of land-side 
scouring. Figure 2.13 gives a example of this case.  
 
Figure 2.13: I-Wall gap formed by increased water flow intensity and erosion (courtesy 
Nelson 2010) 
 
Cohesive versus Noncohesive Sediment 
When the compaction effort in soils is increased it tends to increase the soil’s resistance 
to erosion. This concept works even better for finer soils when the influences of the 
electrochemical reaction connecting each particle are working in the soil’s favor. When 
this happens they are more stable against erosion. The study of non-cohesive, coarse-
grained soils generally is not focused on as much, in comparison with cohesive soils, 
when focusing on scouring of protective structures. This is simply because they aren’t 
widely used in the formation of the foundation of protective structures. Cohesive, fine-
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grained soils are used more in coastal structure foundations but studies are more 
complicated due to the soil’s behavior.  
 
Non-cohesive Sediment 
When the threshold of critical boundary stress on a particle is exceeded, movement 
begins. The effect of water flow on incipient motion can be explained by taking the 
forces of lift (Lf), drag (P), force (F) and gravity (Wg) acting on non-uniform, non-
cohesive particles into account (Figure 2.14).  
 
 
 
Figure 2.14: The forces acting on a set of sediment particles. 
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Cohesive Sediment 
Several varied parameters can be used to describe the behavior of cohesive sediment, 
including shear stress, plasticity index, and bulk density. It has been continuously pointed 
out that stronger cohesion is acquired through the efficient consolidation of fine sediment 
over time; (Houwing, 1999), (Aberle et al., 2006), (Mukherjee, 2010).  Guang-ming et al. 
(2009) developed an equation, Eq. 2.1, for the scour rate as a function of the 
consolidation time and validated it through comparison with experimental data retrieved 
from Roberts et al. (1998). The formula was derived as: 
                                              SR = K(!d !!o )(1!
tn
!d
)" m                                     (2.1) 
Where SR = Scour Rate, K= a coefficient, ϒd = the dry density after consolidated for the 
maximum consolidation time, t. ϒ0 = the initial dry density, Td = the maximum 
consolidation time, n = the coefficient depending on the sediment composition, τ = the 
shear stress exerted on the sediment surface, and m = a constant that is usually set to 2.   
 
2.7 Scour Protection Measures 
Overview 
Scour protection measures and their importance in coastal studies are just as important as 
studying the process of scouring itself. Some of the methods found thus far have been 
proven costly or require more work than ideally desired when employing them. Some 
methods, however, have proven a good level of efficiency. In spite of numerous 
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investigations by many researchers, the problem of scouring has not been completely and 
effectively resolved as yet. 
Types 
Armoring 
The general function of armoring countermeasures is the addition of another layer that 
can act as a resistant layer to the hydraulic shear stress caused by wave action and, 
therefore, provide protection to the more erodible sediment underneath. There are several 
types of armoring used for coastal structures, including tetrapods, cable-tied blocks, grout 
filled bags, mattresses, concrete aprons, and a few others. The most widely used and 
favorable of the bunch is riprap (Lauchlan and Melville, 2001).  
Rip Rap 
The foundation used for coastal structures, as explained in previous chapters, can 
sometimes be damaged and reduce the stability of the structure due to erosion caused by 
flow. A frequently accepted engineering method to deals with this damage is placing 
riprap stones around the foundation (Figure 2.15). Riprap is a rock, or another similar 
material, used to armor shorelines, streambeds, bridge abutments, and pilings. Riprap 
works by absorbing and deflecting the impact of a wave before the wave reaches the 
defended structure. The size and mass of the riprap material absorbs the impact energy of 
waves, while the gaps between the rocks trap and slow the flow of water, lessening its 
ability to erode soil used with a structure (CIRIA, 2007). The size of the rock should be 
large enough that it withstands the forces of wind and water directed at the slope. 
Geotextile soft mattresses, also seen in Figure 2.15, are sometimes used in accompanying 
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riprap around spur-dikes (Yang et al., 2009). Geotextile material used with riprap allows 
water movement while preventing movement of soil particles. The geotextile supports 
tensile forces acting on it, making up for the fact that the soils and rocks would not be 
able to carry it. This is because the soil and rocks are only efficient in taking in and 
withstanding the comprehensive loadings of fluid action.  
 
Figure 2.15: Drawing of the general usage of riprap along with geotextile material  
 
There are several types of failure modes for riprap. This includes particle erosion, 
translation slide, and slump failure. Some reasons for these failures may be an inadequate 
size of riprap, internal slump failure, riprap with a high percentage of fines causing 
washing out of the fines, or the presence of excess hydrostatic (pore) pressure (Brice et 
al., 1978). 
  
Vegetation 
Vegetation, when incorporated and up-kept properly, can work as an efficient erosion 
resistant mechanism in coastal structures. Different combinations of the grass and 
sediment used will show different failure mechanisms.  Using a wave-overtopping 
simulator, Van der Meer et al. (2009) tested both good grass cover on a sandy clay and a 
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worse grass cover on good clay. Both showed more or less similar strength against wave 
overtopping. The only difference was their type of failure at certain wave discharge rates. 
In the same experiment, they were also able to test a reinforced grass system, entitled 
Smart Grass Reinforcement (SGR), having a geosynthetic placed underneath the upper 
grass layer. This performed well in their results, with the SGR holding the grass roots 
firmer in place and reducing erosion.  
 
Scour Mats 
Typical uses for mats are around bridge piers, abutments, wing walls, and over pipelines, 
cables, river banks, ditches, canals, and in settling ponds. They can function under and 
above water surfaces. These erosion control mats have proven to be effective in reducing 
erosion and stabilizing the soil that they cover. The mat material is generally made up of 
biodegradable material that can include mulch, straw, coconut fiber and wood chips. 
Mats perform well against high hydraulic stresses, therefore, expanding its usage for 
overflow structures, and for levee and shoreline protection. 
 
Geotextile Bags 
Geotextile bags have been used more in place of natural rocks for coastal protection. 
There are sometimes shortages in the availability of natural rocks. They are used for 
erosion control works and construction of structures in river and marine environments, 
including as the core layer in breakwaters.  
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CHAPTER THREE 
EXPERIMENTAL SETUP AND PROCEDURE 
 
3.1 Introduction 
Numerous experiments were conducted in the Fluids Laboratory at Clemson University 
to study levee scour and it’s variance due to protection measures. This chapter is 
organized into four principle sections: Experimental Setup, Experimental Procedure, Data 
Processing, and Dimensionless Parameters and Experimental Conditions. The 
experimental setup describes the wave tank and DAQ system used for testing. The 
experimental procedure contains information on the sand and clay used. This section also  
contains the geotechnical tests performed on the soil and the determination of scour 
protection sizes. 
3.2 Experimental Setup 
Model Levee Preparation 
A scaled levee model was constructed for experimental use in a wave tank. The complete 
volume of the levee was 0.128m3 and includes a model floodwall within the crest. The 
levee, except for the area of interest, was constructed of plywood; the dimensions are 
shown in the schematic of Figure 3.1.  
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Figure 3.1: Dimensions of levee that is constructed of plywood. The floodwall is made of 
a 0.95cm Plexiglas. 
 
 
The area filled with soil was on the landside crest, having dimensions of 30cm from the 
floodwall to the slope and 60cm across its width. The composition of the soil area of the 
levee was decided based on results from several tests to meet the geotechnical 
requirements. These tests include Standard Proctor Tests and Permeability Tests. These 
tests yielded the specific amount of Old Mine #4 Ball clay, quartz sand, and moisture 
content needed in order to create the cohesive soil mixture with the desired compaction 
for scour testing. A laboratory wave tank with dimensions of 10m x 0.6m x 0.6m was 
used for this study. A schematic of the wave tank setup is shown in Figure 3.2. 
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Figure 3.2: Wave tank schematic 
 
The model levee is divided into two distinct sections- (1) permanently attached plywood 
section and (2) soil bed section where scouring is expected as shown in Figure 3.1. The 
levee section made of plywood was installed in the wave tank at a distance of 3.65m from 
the wave paddle and sealed to eliminate water seepage through the interface between the 
hard surfaces. Two wave gauges were employed to collect wave elevation data along the 
wave tank. Wave gage #1 was located at a distance of 1.15m offshore of the levee wave 
gage #2 was located 0.35m offshore of the levee as shown in Figure 3.2. 
The wave maker in the wave tank was controlled using an in-house computer code 
developed by using LabVIEW software. The wave characteristics and allotted time 
period for each test were inputs for the wave maker software. The parameters that were 
varied for the tests were wave height, wave period (frequency), floodwall height, and 
time. A Laser Displacement Sensor (LDS) was used along with an actuator to record the 
levee-crest profile before and after wave overtopping for each test. A USB Data 
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Acquisition system was used to extract data yielded from both the wave gages and the 
LDS System.  
The resultant velocity used for the overtopping waves was found using a vertical velocity, 
assumed as the fall velocity, and a horizontal velocity calculated using the digital 
program GetData. Using GetData, the volume per wave was divided by the area of the 
overtopping wave above the floodwall in order to yield a horizontal velocity for each 
wave characteristic. 
3.3 Geotechnical Setup 
The clay was manufactured as Old Mine #4 Ball Clay from Carolina Clay Construction in 
Charlotte, NC. The sandy sediment used for experiments was quartz, sterling sand with a 
median diameter of 0.61mm, D50 of 0.44mm, and Coefficient of Uniformity (Cu) of 1.57.  
The sand was manufactured and shipped by Foster-Dixiana, Distribution graphs for the 
sand are shown in Figure 3.3 and 3.4.   
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Figure 3.3: Sand Size Histogram for sand distribution. 
 
 
Figure 3.4: Cumulative Sand Size Distribution 
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In the beginning phase of constructing the levee foundation, there was a need to first find 
the optimum moisture content (OMC) and maximum dry unit weight.  The Standard 
Proctor Test yields this data at the peak point of the compaction curve.  The Standard 
Proctor Test yielded a sand-clay ratio of 60%-40% and an optimum moisture content of 
12.7%. The falling head test validated that this ratio would be appropriate in minimizing 
the amount of seepage that a levee soil can legally permit (USACE 1999). This test was 
performed three times (with the same sand-clay ratio) and the results were tabulated to 
get an average permeability of 3.93 x 10-6 m/s. The sample was prepared by compacting 
the sand-clay mixture at 9.5% water content with 25m X 25m tamper shown in Figure 
3.5. The compacted dry density of the levee was measured using Drive Cylinder method 
and the relative compaction of the levee was between 76.3% and 83.2% for samples of 
two separate levees.   Figure 3.6 displays the sieve analysis of the sand-clay mixture with 
the ratio given. 
 
 
Figure 3.5: Tampering system used in compacting the levee. 50 blows were used for each 
of the five layers of levee soil at a set lift thickness of 0.8-1.1cm. 
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Figure 3.6: Sieve Analysis of Sand (60%) and Clay (40%) mixture 
 
The correct laboratory value for permeability of the soil foundation was needed so that 
the calculated seepage rate would be equal to that of the field value. The test carried out 
was the Falling Head Permeability Test. The same sand-clay ratio that was used in the 
Procter Test was used in the Falling Head test. . 
 
This test was performed three times (with the same sand-clay ratio) and tabulated to get 
the average permeability. Table 3.1 yields the values of permeability, K, giving an 
average permeability of 3.93X10-6 m/s. The seepage rate was then calculated using an 
equation that relates the permeability to seepage rate, depending on the geometry of the 
levee. 
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Table 3.1: Values yielded falling head permeability tests. 
 
3.4 Experimental Procedure 
In order to ensure consistency and accuracy for each experiment, several preparatory 
tasks were performed before each experiment. The still water level, SWL, was raised to 
the top of the floodwall. The levee soil was initially covered and prevented from being 
impacted by the waves at the beginning of each test. This was done because the first 30 
seconds of waves are not greatly affected by reflection forces, causing a higher wave 
height than desired.  After 30 seconds, reflection forces affected on the waves for the rest 
of the test, resulting in the desired wave heights. This was checked and confirmed by the 
wave gages. Sump pumps were used during the tests offshore of the levee to recirculate 
overtopped water back to the canalside of the levee so that the mean water level remained 
constant during the test.  
There were a total of seven different wave characteristics used. The prototype wave 
heights and wave periods were scaled down using 1:20 scaling, and Froude number 
scaling, respectively, as seen in Table 3.2.  
  Test 1 Test 2 Test 3 Test 4 
H1 [mm] 61 57.6 57 59.3 
H2 [mm] 34 36.9 50.4 42.8 
!t [secs] 762 1004 553 1520 
A [mm2] 7916.9 7916.9 7916.9 7916.9 
a [mm2] 96.8 96.8 96.8 96.8 
L [mm] 115.5 115.5 115 116 
K [m/s] 1.09E-05 6.26E-07 3.13E-07 3.04E-07 
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Table 3.2: Scaled wave characteristics for the model and the corresponding prototype 
values. 
 
 
Table 3.2 also displays the parameters of each test. For each wave characteristic, several 
tests were run at times between 1 and 20 minutes. Within each characteristic, the scour 
depth increased at a decreasing rate.  
3.5 Variables And Dimensionless Parameters  
To develop relationships for the geometrical characteristics of scour, a list of dimensional 
parameters are formed as follows. A floodwall of height, h, atop a levee was examined 
during flooding conditions, such that the water surface was at the top of the floodwall. 
The levee was made of soil with median grain size, d50, a compaction with a porosity, n, 
and specific gravity and density of soil solids, SG and ρs, respectively. Waves caused 
overtopping of the floodwall with a maximum wave height over the floodwall, η. The 
water has a density, ρw, kinematic viscosity, ν, and flowed over the floodwall with a rate 
per unit length of the floodwall, Q, for each wave.  The water fell to the protected side of 
the levee after overtopping with the acceleration due to gravity, g. An equilibrium scour 
!
 Laboratory (Model)     Field (Prototype) 
 Test Set H0 (cm) 
 
T (s) 
 
h (cm) 
 
H0 (cm) 
 
T (s) 
 
1 3.0 2.0 16.5 60.0 8.8 
2 4.0 3.0 16.5 80.0 13.3 
3 5.0 3.0 16.5 100.0 13.3 
4 4.0 3.0 12.0 80.0 13.3 
5 4.0 3.0 7.0 80.0 13.3 
6 4.0 3.0 26.0 80.0 13.3 
7 4.0 3.0 30.0 80.0 13.3 
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characteristic, A (S* – equilibrium scour depth; L* – equilibrium scour length), reached 
after some time, t, and it can be expressed as a function of the above parameters as 
follows. 
A = Φ(h, d50, η, g, n, SG, ρs, ρw, ν, Q)          (3.1) 
where Φ is a function. Since the parameters of interest were the equilibrium scour depth 
and length, time was not incorporated in Equation 3.1. The wave characteristics 
(amplitude and period) were accounted for by the wave height above the floodwall and 
the flow rate terms. The terms g, ρs, n, SG, and ρw may be combined to form a new term 
for reduced gravity, g*, where . Then, a given equilibrium scour 
characteristic can be expressed as follows.  
A = Φ(h, d50, η, g*, ν, Q)           (3.2) 
This led to five dimensionless parameters. These governing parameters were 
dimensionless median grain size, d50/h, dimensionless maximum wave height over the 
floodwall, h/η, Reynolds Number, Re = Q/ν, Froude Number, , where u is 
the average horizontal water velocity for one wave cycle during overtopping over the 
floodwall, and the dimensionless form of the parameter of interest, A/h. The identified 
dimensionless parameters can be combined to obtain the densimetric Froude number, 
Frd = u
2 +w2
g*d50
, where w is the vertical velocity at the point of impact with the 
ground. Additionally, to analyze the time evolution of the scour characteristics, 
g*= g(SG !1)(1! n)
Fr = u g*h
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dimensionless time, t/t*, can be formed. Here, t* is the characteristic time for equilibrium 
scour formation (Voropayev et al. 2003) and is a function of wave frequency, ω.  
Scaling is applied to undertake a laboratory study of the levee scour. The dimensions of 
the levee, the height of the floodwall, and the heights of the waves were reduced by a 
factor of 20 based upon the space available in the flume. The protection measures were 
also scaled on a 1:20 ratio based upon diameter. As shown in Section 4.2, Frd is the main 
governing parameter for equilibrium scour characteristics. To match the field and 
laboratory Frd values, the relative compaction of the soil was reduced from a typical 
100% value to 80% value in the laboratory tests. The difference in relative compaction 
resulted in different dry densities in the field (18.7 kN/m3) and the laboratory (14.96 
kN/m3). By following basic weight-volume relationships for soil, the porosities for the 
field and laboratory conditions were calculated. These porosity values were then used to 
calculate the corresponding Frd values. These calculations resulted in a range of Frd 
values from 18 to 36 in the laboratory that is within the lower end of the range of Frd 
values in typical storm conditions. In the field, there is a wide range of Frd values from 
tens to hundreds depending on the storm characteristics, floodwall height, and soil 
characteristics. Given our physical limitations in the laboratory, experiments ought to 
cover the lower end of the field Frd values range.   
3.6 Scour Protection Size Selection 
Figure 3.7 displays the armoring scour protection measures used in our experiments. In 
the field, riprap has been a prominent erosion/scour protection measure used on levees, 
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breakwaters, dikes, revetments, bridge piers and other coastal structures (Chiew, 1995 
and Pister, 2007). Corelocs are usually placed on breakwaters and revetments (Melito and 
Melby, 2002 and Holtzhausen, 1998). An armoring underlayer is usually placed 
underneath both types of protection measures.  
(a) 
 
 
 
(b) 
 
 
(c) 
 
Figure 3.7: Photos of the scour protection measures. (a) Corelocs cover layer, (b) riprap 
cover layer and (c) the gravel-sized underlayer on the levee 
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The corelocs had a uniform size of 45.6cm3 and each individual unit weighed 104grams. 
The selection for the riprap size was chosen on a very conservative basis. This analysis 
was performed by assuming the average riprap was a single, spherical, semi-submerged 
stone on a horizontal bed with horizontal flow. The drag force, P, created by the 
horizontal flow due to overtopping waves and the friction force, F, provided by an 
individual riprap are given in Equations 3.3 and 3.4, respectively. For the drag force 
calculation, it was assumed conservatively that the horizontal flow velocity is equal to the 
resultant velocity at impact. The laboratory size was chosen based on the size needed for 
stability in the field. This analysis was used to check and make sure that the chosen size 
was not too small using this conservative method.  
P =CD!w
"
4 r
2vB2       (3.3) 
F = f (! rr !
!w
2 )"       (3.4) 
For the stability of an individual riprap, the following condition must be satisfied. 
F > P                                (3.5) 
where CD = drag coefficient, assumed as 0.48 (Young and Browning, 1966); ρw = density 
of water; A = cross sectional area of a sphere; vB = horizontal velocity of water on the 
levee soil bed; f  = friction factor, assumed as 0.4 (USACE, 2004); γrr = unit weight of 
riprap, assumed as 2590kg/m3 (Department of Interior, 1998); γw = unit weight of water;  
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and != the spherical volume of riprap. For the drag force calculation, it was assumed 
conservatively that the horizontal flow velocity is equal to the resultant velocity at 
impact. These equations yielded a value that was scaled down, on a 1/20 scaling, to a 
4.09cm diameter size for model riprap. Therefore, from this conservative estimate that 
provided an order of magnitude value for the model riprap size, median riprap diameter 
of D50cover of 3.50cm (with a maximum and minimum riprap diameters of Dmaxcover = 
5.70cm and Dmincover = 1.75cm, respectively) was chosen so that there was sufficient room 
in front of the floodwall to create a riprap model similar to the setup of riprap in the field. 
This size selection proved stable during all tests.  
The riprap was chosen to be well-graded and followed the format for placement provided 
by Hydraulic Engineering Circular No.11 (1989). Figure 3.8 shows the sieve analysis of 
the riprap covering layer.  
 
Figure 3.8: Sieve analysis of the riprap covering layer 
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The size selection of the underlayer, D50underlayer, in accordance to the riprap (cover layer, 
D50cover), was done by the relationship Thornton and Kane (2008) given as follows.  
             (3.6) 
Equation 3.6 yielded a D50underlayer value of 0.92cm (with a maximum and minimum 
underlayer unit diameters of D50maxunderlayer value of 1.56 cm and D50minunderlayer value of 
0.45 cm, respectively). The armoring units for the D50underlayer were gathered by 
performing a sieve analysis of the gravel-sized rocks. 
 
The protection measures created four separate combinations for testing: riprap with (RU)  
 
and without (R) an underlayer, and corelocs with (CU) and without (C) an underlayer. 
 
 
 
 
 
 
 
D50underlayer =
D50cover
3.7
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CHAPTER 4 
SCOUR FORMATION 
Evolution Dynamics 
Scour due to overtopping can be defined in three phases: Three-dimensional (3D) scour, 
transient two-dimensional (2D) scour, and steady two-dimensional (2D) scour. Three-
dimensional scour occurs at the beginning of the overtopping and ends when the scour 
becomes two-dimensional. 
 
At the beginning of the scouring process, the threshold of the critical boundary stress of 
the cohesive soil starts to be exceeded, yielding uplifting movement. Due to the velocity 
distribution of the overtopping wave not being perfectly uniform, the threshold is 
surpassed at different times after overtopping begins. Therefore, the initial scour of the 
levee soil is not uniform along the width affected from the impacting nappe. This lack of 
uniformity causes the a 3D scour. At this stage, within seconds of overtopping, arbitrary 
sections of soil are scoured when impacted by the overtopping nappe. After a capricious 
short time period, the inconsistency of the scour eventually becomes less varied and 
evolves into the 2D scour phase.  
 
The two-dimensional transient phase of scouring consists of the main development of the 
scour depth and scour length. As the overtopping process occurs, the rate at which the 
scouring occurs is the highest, but decreases over time. In this phase the scour hole starts 
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to hold a volume of water that increases as the scour hole further develops. With a 
volume of water being impacted by the overtopping nappe, there becomes an ability for 
an eddy to be formed. Figure 4.1 shows a schematic of a theoretical eddy and an eddy 
formed in the laboratory.  
 
(a)  (b) 
 
 
Figure 4.1: (a) Schematic of an eddy forming as an overtopping wave impacts levee soil 
(b) photograph of the same phenomenon, showing the loose/scoured sediment swirling 
within the eddy. 
 
The impact force from the overtopping wave causes the cohesive soil to erode and 
breakdown into smaller particles. The eddy formed by the overtopping waves creates 
shear forces that causes the loose soil in the scour hole to have enough energy to exit the 
area. The energy required for the loose soil to be carried outward of the scour hole is 
sufficiently supplied by the of the eddy. The energy of the eddy decreases over time due 
to the accumulation of water as the scour hole deepens. The deepening causes the volume 
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to increase, adding a protective-type layer that eventually mitigates the scouring effect of 
the impact force by the overtopping waves.  
 
The two-dimensional steady scour phase takes place when the shear force is not large 
enough to further increase the size of the scour hole. The size of the scour hole is 
correlated with the densimetric Froude Number of the overtopping waves: higher 
densimetric Froude Numbers correspond to greater-sized scour holes, and vice versa. 
Figure 2.11 shows an example of levee scour, due to overtopping in the field. 
The experiments conducted were intended to be a preliminary investigation into the 
mechanisms of scour and scour prevention in the case of waves overtopping a floodwall; 
the results may be used in designing scour countermeasures and as a launching pad for 
further research. A thorough discussion of this research includes qualitative observations 
that may be useful in further work on the subject, design recommendations for protection 
measures, and suggestions for further research. 
As with many natural phenomena, the scour evolution’s logarithmic increase with time 
may be effectively predicted for controlled laboratory conditions. Difficulty arises, 
however, when trying to apply these results perfectly to a situation of actual flooding, in 
which there would be a period of waves overtopping before the mean water surface level 
reached the floodwall peak, potentially strong wind, non two-dimensional overtopping, 
the potential for canal-side scour to affect the floodwall’s stability, and other 
unpredictable variables. Even with those difficulties, the results of this project may still 
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provide important information in the form of qualitative observations, comparisons, and 
relative quantitative measures. By comparing Figure 2.11 and Figure 4.2a, it can visually 
be seen that both have a very similar 2D scour hole, validating the laboratory tests’ ability 
to simulate the field.  
 
(a) (b)                                                                       
Figure 4.2: (a) Two-dimensional scour that has reached equilibrium scour after a test. (b) 
overtopping wave and nappe impacting a scoured levee that has already reached 
equilibrium scour. 
 
Transient Scour Characteristics 
Table 4.1 shows the measured scour characteristics for all the tests conducted. Some of 
the data correspond to experimental times for transient scour characteristics and others 
for equilibrium characteristics. Scour depth, S(t), is defined as the maximum vertical 
distance from the scour profile to the to the initial flat crest profile. Scour length, L(t), is 
Loose 
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defined as the horizontal distance from the floodwall to the point where the scour profile 
crosses the initial flat crest profile. The maximum scour depths are highlighted in bold 
and italicized fonts in Table 4.1. A schematic showing S(t) and L(t) is given in Figure 4.3. 
Table 4.1 Experimental conditions and scour characteristics. The italicized data rows are 
tests with scour protection (R=Riprap, RU=Riprap with Underlayer, C=Corelocs, 
CU=Corelocs with Underlayer). The bold rows correspond to equilibrium scour  
experimental test times without scour protection measures.  
 
 
Test 
No. 
H0 
(cm) 
T 
(sec) 
h 
(cm) 
t 
(min) 
S(t) 
(cm) 
L(t) 
(cm) 
 
Scour 
Protection 
Type 
1 4 3 16.5 1.5 3.96 9.06 - 
2 5 3 16.5 2.0 4.87 10.63 - 
3 4 3 7.0 3.0 4.59 9.60 - 
4 4 3 12.0 3.0 4.96 10.58 - 
5 4 3 16.5 3.0 5.23 10.92 - 
6 3 2 16.5 2.0 4.31 10.98 - 
7 3 2 16.5 3.0 5.90 10.15 - 
8 5 3 16.5 5.0 7.26 12.2 - 
9 4 3 7.0 5.5 5.91 10.06 - 
10 4 3 16.5 6.5 9.06 12.6 - 
11 3 2 16.5 5.0 7.19 10.91 - 
12 5 3 16.5 8.0 7.32 12.3 - 
13 4 3 7.0 8.5 7.11 10.28 - 
14 4 3 12.0 10.0 7.51 12.44  
15 4 3 12.0 10.0 4.45 8.40 R 
16 4 3 12.0 10.0 0.51 1.65 RU 
17 4 3 12.0 10.0 5.11 9.15 C 
18 4 3 12.0 10.0 2.22 4.22 CU 
19 4 3 16.5 10.0 8.22 12.23 - 
20 5 3 16.5 10.0 8.21 12.01 - 
21 5 3 16.5 10.0 8.50 11.98 - 
22 4 3 16.5 12.0 8.49 11.76 - 
23 4 3 16.5 12.0 5.13 10.15 R 
24 4 3 16.5 12.0 2.36 4.30 RU 
25 4 3 16.5 12.0 6.86 11.9 C 
26 4 3 16.5 12.0 2.70 5.08 CU 
27 3 2 16.5 8.0 8.21 11.3 - 
28 4 3 7.0 13.0 7.20 10.5 - 
29 4 3 7.0 13.0 6.70 9.22 R 
30 4 3 7.0 13.0 0.04 0.00 RU 
31 4 3 7.0 13.0 1.75 3.75 CU 
32 5 3 16.5 13.0 8.38 13.08 - 
33 3 2 16.5 10.0 8.98 11.33 - 
34 4 3 12.0 16.0 7.99 12.42 - 
35 4 3 16.5 17.0 9.60 12.74 - 
36 4 3 12.0 18.0 7.86 12.69 - 
37 4 3 7.0 20.0 6.83 10.15 - 
38 3 2 16.5 15.0 9.04 11.9 - 
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Figure 4.3: Schematic with definitions of scour geometric characteristics; maximum 
length and depth.  
 
By showing that the parameters of the model levee are directly scaled from the field 
situation, the range of experimental Froude Number values are also close to the range of 
the Froude Number values in field cases. The Froude Number in the field was calculated 
by relating the porosity value in the lab to yield the porosity value in the field and 
develop a reduced gravity value. The horizontal and vertical velocities were calculated 
using the fall velocity equations for projectile motion. The range of Froude Numbers in 
the field, being scaled from the laboratory values, were yielded to be between 40 and 94. 
In the field, the prototype wave heights and wave period can be higher and lower, 
respectively, causing larger range Froude Number values. The scour evolution and 
equilibrium depth were similar for the 3 tests that were held at a 16.5cm floodwall height 
with different wave characteristics. This phenomenon occurred because the densimetric 
Froude Number values, from Equation 4.1, were close for each test set (Table 4.2).  
 
 
S(t) 
L(t) 
x 
y 
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Table 4.2: Dimensionless parameter values for each corresponding wave characteristic 
 
A typical plot of the scour depth evolution with time can be seen in Figure 4.4a. As the 
overtopping process occurs, the rate at which the scouring occurs begins at a fast rate but 
then decreases over time. As mentioned earlier in Chapter 4, the scour hole starts to hold 
a volume of water that increases in volume as the scour hole further develops. Each test 
set yielded a similar trend for their respective scour evolution. The impacting force from 
the overtopping waves for each test set yielded similar scour rates. This phenomenon 
occurred due to the predominance of the effects that the accumulated volume of water has 
on the forces from the overtopping waves. The impact and shear forces cause the loose 
soil in the scour hole to have enough energy to exit the scour profile. The energy 
decreases over time as the scour depth and length increase, until equilibrium is reached. 
The equilibrium was reached within 10-13min of testing for each wave characteristic. It 
can be seen that the scour depth began to reach an equilibrium around 9-10minutes for 
!
Test 
 Set 
!! !!! !
 (m/s) 
Frd d50/h h/! Q/" 
1 1.86 27.1 0.0030 9.50 1886.8 
 
2 1.86 27.0 0.0030 9.35 1694.9 
 
3 1.87 27.3 0.0030 8.72 2702.7 
 
4 1.57 23.3 0.0042 6.82 1694.9 
 
5 1.24 18.3 0.0071 3.98 1694.9 
 
6 2.30 33.9 0.0019 14.77 1694.9 
 
7 2.47 36.0 0.0016 17.05 1694.9 
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Figure 4.4a. Figure 4.2 shows photographs of the laboratory levee that has reached an 
equilibrium scour depth, from an aerial view (a) and a side view (b).  
 
(a)   
                             
 
(b) 
 
Figure 4.4: (a) Scour depth versus time for Test Set 1. (b) dimensionless scour depth 
versus dimensionless time for 6 different experiments for Test Set 1. The exponential line 
shows the approximation function with C*=415.  
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Figure 4.5 shows the typical scour evolution for a given overtopping flow condition. The 
geometry and shape of the scour profile can be seen to change with respect to the time. 
Initially, the minimum point of an individual profile is at a distance away from the 
floodwall. The minimum point of each profile corresponding to S(t). As the test continues 
and waves continue to impact the levee, this minimum point on the scour profile transfers 
closer toward the floodwall. As this occurs, the shape of the scour hole becomes more 
narrow near the floodwall.  
 
Figure 4.5: Scour evolution profile for a wave height of 4cm, wave period of 3s, and a 
floodwall height of 7.0cm, Test Set 5 in Table 3.2. The equilibrium scour depth can be 
seen to be approximately 7.2cm. The scour profile that is in the positive area is due to soil 
pile up caused by the eroded soil.  
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In order to consider the time dependence of scour, the results from the measurements of 
each wave parameters were plotted, separately, in dimensionless form; Figure 4.4b 
displays an example of this for Test Set 1. The maximum scour depth, S(t), and scour 
length, L(t), at a given time is normalized by the measured maximum equilibrium scour 
depth value, S*, and length value, L*, for the given experimental conditions, and time, t, 
is normalized by the characteristic time (t* for scour depth and t** for scour length). 
Equation 4.2 was used to calculate these values.  
 t*=C * /!  and  t **=C ** /!                 (4.2) 
where ω = 2π/T – wave frequency, T = wave period, C* and C** = empirical constants. 
The exponential lines for Figures 4.6 and 4.7 were plotted using the empirical functions 
presented in Equation 4.3 and 4.4, respectively.  
S(t) / S*=1! exp(!t / t*)                                               (4.3) 
L(t) / L*=1! exp(!t / t **)                                           (4.4) 
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Figure 4.6: Dimensionless scour depth versus dimensionless time for the total 27 
different experiments without scour protection. The exponential line shows the 
approximation function with C*=415 
 
 
 
Figure 4.7: Dimensionless scour length versus dimensionless time for the total 27 
different experiments. The exponential line shows the approximation function with 
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The values of C* and C** were determined experimentally as, 415 and 225, respectively. 
Figure 4.6 displays the scour depth evolution and Figure 4.7 displays the scour length 
evolution and measurements for all wave parameters in dimensionless form. The time, T* 
(or T**), at which the corresponding scour characteristics reaches the equilibrium state 
can be approximated as T* = 3t* (or T**=3t**). This value corresponds to 95% of the 
equilibrium value being reached for a given wave characteristic. The equilibrium scour 
depth is then yielded to occur after approximately 200 (≈1245/2π) wave periods and the 
equilibrium scour length is yielded at approximately 110 (≈675/2π).  
Steady Scour Characteristics 
As mentioned in the previous section, Figures 4.6 and 4.7 show that S(t)/S* vs t/t* and 
L(t)/L* vs t/t** have an increasing trend until an equilibrium is reached. It is seen that 
maximum scour depth and scour length reach to their equilibrium values of S* and L*, 
respectively, with time.  As a scour profile reaches equilibrium, the volume of water 
accumulated in the scour hole, dissipates the overtopping wave energy. This energy 
dissipation increases with the increase of the scour depth until the impact and shear forces 
required to further develop the size of the scour hole is at a level too low to have any 
further effects.  
The state of steady scour was analyzed using the parameters in dimensionless form 
yielded from the dimensional analysis. The steady scour state implies the time for each 
wave characteristic has reached an end of further noticeable scour.  
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The experiments showed that Frd is the primary governing parameter that determining the 
maximum equilibrium scour depth, S*, and equilibrium scour length, L*. 
In this section parameterizations for S* and L* are developed. Plots show that there is a 
correlation between the S* and L* and h/d50 and η/h. The scour depth and length 
eventually reaches an equilibrium as the Froude Numbers, h/d50 and η/h, increases. The 
increasing floodwall height increases the Froude Number value, which increases the 
scour amount. S* and L* continually increase with the given floodwall height. The 
equilibrium scour characteristics were similar for the 3 tests that were held at a 16.5cm 
floodwall height with different wave characteristics. These values are shown in Table 4.1 
as Test Numbers 21, 35, and 38. This phenomenon occurred because the Frd values were 
close for each test set (see Test Set Numbers 1-3 in Table 4.2).  The maximum scour 
depths at the smaller floodwall heights (Test Set 4 and 5 in Table 4.2) show a decline in 
their values. Comparing the two reduced floodwall heights with the 16.5cm floodwall 
height, (wave height 4cm, wave period 3s) the percent scour reduction was 19.0% for a 
12cm floodwall height and 29.3% for a 7cm floodwall height.   
Relating S*/h and L*/h to Frd, in Figures 4.8 and 4.9, developed parameterizations shown 
in Equations 4.7 and 4.8.  
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Figure 4.8: Dimensionless equilibrium scour depth versus the densimetric Froude 
Number. Symbols are experimental measurements and the solid line is the prediction of 
the proposed Equation 4.7. The R2 value was found to be 0.982. 
 
 
 
Figure 4.9: Dimensionless equilibrium scour length versus the densimetric Froude 
Number. Symbols are experimental measurements and the solid line is the prediction of 
the proposed Equation 4.8. The R2 value was found to be 0.987. 
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These graphs show that both S*/h and L*/h values decrease with increasing Frd.  The 
rates of change of these parameters are rather fast for smaller values of Frd, which then 
slows down as the Frd value increases.  Equations 4.7 and 4.8 represent the semi-
empirical parameterizations developed for S*/h and L*/h, with the predictions of these 
parameterizations shown as solid lines in Figures 4.8 and 4.9.    
S*=105Frd!8/5                   (4.7) 
L*=165Frd!8/5                   (4.8) 
The R2 values from Equations 4.7 and 4.8 are 0.982 and 0.987, respectively.  
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CHAPTER 5 
SCOUR PROTECTION MEASURES 
 
The efficiency of the selected scour protection measures were tested for three different 
Frd values achieved by changing the floodwall heights with the same wave characteristics 
as shown in Table 2 (H0=4cm and T=3s). The placement of the protection measures was 
randomized in order to mimic the field layout. Each protection measure began on the 
landside directly after the floodwall and was spread to cover the entire land-side levee 
crest. The scour protection measures were tested for a time period of (with t = 10-
13min for the tests with scour protection, shown in Table 2; and 3t*=9.9min). For a given 
experimental Frd value (i.e., floodwall height) the tests with all of the protection measures 
were run at the same experimental time for consistency.  
Figure 5.1 shows the scour profiles with each of the four protection measures and also 
without a protection measure for the same flow conditions. Each protection method 
proved to reduce the amount of scour compared to the unprotected case. The scour profile 
shape, with protection measures in place, were less defined as the typical U-shape; shown 
in Figure 2.11. For better accuracy, the scour profiles were collected in two separate 
places across the levee crest. For tests without an underlayer, the levee soil directly 
landward of the scour hole was eroded due to the increased shear forces from the 
overflow of water across the crest. The absence of an armoring cover layer allowed the 
water from the overtopping waves to run across the levee more smoothly. The presence 
of an armoring cover layer, however, resulted in a more turbulent flow through the voids 
t > 3t *
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of the armoring units, resulting in an increase in shear forces that in time causes erosion. 
Table 4.1 shows the tabulated data of the protection measures alongside the results 
without scour protection, the results of which are discussed in the next section.  
 
Figure 5.1: Scour profile, with and without protection measures in place, for a wave 
height of 4cm, wave period of 3s, and floodwall height of 12cm, Test Set 4 in Table 3.2. 
 
The effectiveness of the protection measures primarily focuses on their ability to dissipate 
jet energy before it hits the ground and/or their ability to decrease the velocity of the 
water as it flows along the crest away from the floodwall reduces the scour depth. The 
amount of reduction, however, varied according to the type of protection. An observation 
of importance is that the jet energy dissipation was not entirely due to the faces of the 
protection measure. A large part of the dissipation was due to the standing water created 
by slow water evacuation, shown in Figure 5.2. This standing water phenomenon is seen 
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to have a larger effect when a protection measure is in place; due to an even slower water 
evacuation. This effect may not have been observed had the protection measures only 
been placed in the impact zone. Instead, their presence on the entire crest increased flow 
resistance, causing a higher amount of water to be held as an additional barrier to scour.  
This standing water was measured to reach a maximum height of approximately 2cm. 
This was 1/3 the height of both the layer of corelocs and the riprap thickness.  
 
 
 
Figure 5.2: Standing water due to overtopping (shown by the dotted line). Dashed line 
highlights the scour profile.   
 
The riprap cover layer proved to be more effective than the coreloc cover layer. When 
both types were used without an underlayer, the scour depth and length reduced by 
approximately an average of 25% and 13% more, respectively, for the riprap than the 
coreloc covering. Due to the physical shape and weight of both armoring layer types, the 
depth the maximum scour, S(t), was more scattered throughout the scour profile width 
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(sometimes having the efficiency of no recorded scour depth in some places). The 
average reduction in scour depth and length, respectively, are as follows: R=32%, 23.9%; 
RU=88%, 83%; C=25.5%, 13.2%; CU=71.3%, 62.3%. A major factor contributing to the 
success of the riprap was its gradation. A well-graded riprap is expected to perform better 
than a riprap of a single size because of the reduction of void space achieved with 
different size stones. The riprap is believed to improve scour protection because it 
contains a well-graded size distribution. This allows for the air voids in the cover layer to 
be smaller, which causes (1) a decrease in the impact force from the overtopping waves 
to the levee soil, (2) a decrease in the open space available for the loose sediment to 
escape the eroded area, and (3) a new, extra armor layer consisting of the eroded cohesive 
loose soil still attached to the compacted levee soil increased the resistance to scour and 
sediment erosion for the soil underneath. As corelocs possess a uniform size distribution, 
they create larger air voids when used in this coastal configuration.  Nevertheless, their 
ability to dissipate energy makes them proven scour reducers.   
When there is an underlayer present for both protection measures, approximately the 
same reduction trend of the amount of scour occurs. The results for the percent reduction 
show a similar large jump in effectiveness for both corelocs and riprap when an 
underlayer is present. The results yielded show that the presence of the underlayer, or 
lack thereof, has a greater effect on the scour amount than the type of the cover armor 
used. The maximum scour depth and length drastically decreases with an armoring 
underlayer in place, having values approximately 70-90% lower than the corresponding 
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maximum scour without protection. The scour lengths decrease approximately up to 30% 
when an underlayer is used.  
If the location area of a levee receives generally weak storm wave overtopping, it may be 
more economical to only use a cover armor layer so as to dissipate the overtopping waves 
enough to prevent an amount of failure causing scour. In locations with longer, stronger 
storm surges and overtopping waves, an underlayer can drastically increase the overall 
resiliency of the levee’s soil. Because the Frd values in the laboratory are either near or 
within the range of expected Frd values in the field, the laboratory results should provide 
some guidance when designing protection for the field and what results to expect.  
With sufficient dissipation of jet energy, the levee exhibited similarities to that of a 
stream bed in that the water flowed horizontally, a concept that explains the drastic 
difference in scour depth for the cases with and without an underlayer. Even as the larger 
rocks or corelocs greatly dampened the impact force of the waves, the water still removed 
sediment horizontally as it evacuated the crest. The presence of an underlayer prevented 
the removal of sediment horizontally because its pores were small enough to trap 
sediment. Without an underlayer in place, loose sediment was able to easily escape 
coreloc and riprap layers, eroding holes throughout the crest.  
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CHAPTER 6 
CONCLUSION 
Laboratory experiments were conducted to study (1) transient scour dynamics, (2) 
equilibrium scour characteristics and (3) the efficiency of the scour protection measures 
employed. Model levees were constructed and scaled down with a 1:20 scaling from the 
field. Geotechnical tests (The Standard Proctor Test and the Falling Head Permeability 
Test) were performed to select and mimic field representations of a sand-clay cohesive 
mixture that can be tested in the laboratory. In preliminary analysis the authors 
determined that the governing parameters for the equilibrium maximum scour depth and 
equilibrium scour length is the densimetric Froude number. The laboratory experiments 
were conducted for a range of Frd values that encompasses the typical Frd values 
observed in the field.  
Our experiments delving into the transient scour characteristics showed that the 
maximum scour depth and scour length approach equilibrium values exponentially with 
the scour length reaching the equilibrium faster than the maximum scour depth.  Semi-
empirical parameterizations were proposed to predict the values of these transient 
characteristics.  
Riprap armoring showed a superior performance compared to the coreloc armoring.  
Furthermore, riprap armoring implemented with an underlayer proved to best reduce the 
amount of scour for the tested scour protection measures for given model storm waves. 
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The authors concluded that the underlayer plays a significant role in the effectiveness of 
the armor layer. With this information, the design of the underlayer can be altered to 
improve its effectiveness and remain economically viable. For example, two possible 
options for improving the scour protection can be to increase the overall thickness of (1) 
the underlayer and (2) the underlayer solely within a distance from the floodwall (e.g. 
expected length of the scour hole).  
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